RDA Subtraction
An RDA subtraction was performed in which cDNA deferentiated and undifferentiated cultures were dissociated into single-cell suspension and replated in the rived from stem cell cultures that had been differentiated for 24 hr (the DC cell condition) was subtracted from presence of human basic fibroblast growth factor (bFGF) in growth medium at densities giving rise to largely cloncDNA of sister cultures that were maintained as stem/ progenitor cell cultures throughout the 2 week culture ally derived spheres (Temple, 1989; Tropepe et al., 1999 Tropepe et al., , 2000 . Under these conditions, the undifferentiated neuperiod (the NS neurosphere condition). The subtraction was also carried out in the reverse direction (DC-NS), rosphere cultures (NS) produced 847 spheres of cells, while the cells that had been differentiated (DC) proand the rounds were monitored by gel electrophoresis (data not shown; Lisitsyn and Wigler, 1993; Hubank and duced 98 spheres. These observations are consistent with the presence of larger numbers of proliferating, Schatz, 1994). Typically, RDA is conducted for four rounds, producing a subtracted but very redundant pool clonogenic progenitors in the NS conditions (Figure 1 ). Immunocytochemistry using neuron-, astrocyte-, and of a few highly differentially expressed products that are cut out as bands from a gel (Hubank and Schatz, oligodendrocyte-specific markers (Experimental Procedures) was conducted to determine progenitor potenti-1994). Genes with smaller but significant differences in expression between the two comparison samples (Ͻ10-ality. The number and composition of spheres were determined in each condition and are summarized in Figure  fold ) are usually not identified using standard RDA protocols (Hubank and Shatz, 1994). But, such genes have 2. Undifferentiated NS cultures produced far greater Figure 2A . from rounds two and three in a pilot experiment to determine the optimum number of rounds to subject to a large-scale microarray screen (Experimental ProceMicroarray Hybridization and Analysis cDNA from NS and DC conditions was cohybridized dures). The subtracted libraries derived after two rounds of RDA balanced the optimal degree of subtraction and onto the array, as depicted in Figure 2B . In this figure, two duplicate arrays are shown side by side, with the an acceptable level of redundancy; 72% of the clones were nonredundant (unique), including eight novel dyes labeling each amplicon reversed. In both hybridizations, the enrichment obtained after two rounds of RDA genes in round two, whereas only 36% unique clones, including one novel gene, were identified in this pilot is apparent, as each subtraction direction labels preferentially with its appropriate cDNA. Controls consisting screening of round three. Therefore, 3360 clones from of prokaryotic genes, empty vector, and G3PDH are because they were identified in more than one clone (Experimental Procedures). A total of 86 unique contigs arrayed in the marked area.
The reproducibility of hybridizations onto this subrepresenting 79 individual gene clusters were represented by the 232 differentially expressed sequenced tracted array was tested by cohybridization of differentially labeled cDNA samples from the same culture conclones from this array, 19 (25%) of which were without significant homology to known genes within gene and ditions. Figure 3 demonstrates the quality of the data obtained from two such hybridizations: NS versus NS protein databases (novel). Of these 19 clusters, six (30%) lacked any significant expressed sequence tag (EST) and DC versus DC. The slope of both lines was 1.1, with correlations of 0.98, close to a line with a slope of 1.0 homology. Gene clusters were divided into major functional categories based on homology with known genes and correlation of 1.0 expected ideally. In the NS versus NS hybridization and DC versus DC hybridizations, the and are listed in Table 1 . percentage of clones showing intensity ratios greater than 2-fold in the inappropriate direction were 0.72% Northern Blot Confirmation of Array Data Northern blotting was conducted on 20 of the most difand 1.5%. Since these false positives were random and filtered out by duplicate experiments, none of the spots ferentially expressed clones from the NS-DC condition and on five differentially expressed clones between the derived from the DC-NS subtraction actually showed false differential expression by the criteria used. The 20 th and 50 th percentile to confirm that the clones identified were not artifacts of the subtraction and microarray coefficient of variance for multiple hybridizations to the same clone was generally low, ranging from 3.0% to hybridization procedure. In all clones, the direction of differential expression was the same as that observed 8.9% for signals from 75 elements representing nine clones present at five or more discrete locations on the on the microarray, confirming their enrichment in starting NS messenger RNA (Figure 4 ). Even clones that were array, consistent with reproducible hybridizations.
Clones demonstrating significant differential expresnot among the most differentially expressed (near or below the 20 th percentile) showed the same direction sion were sequenced to identify them and to prioritize further characterization. Stringent criteria were used to of enrichment on the microarray as on Northern blots, confirming the differential expression of clones in the provide a conservative estimate of clones with the highest degree of differential expression (Experimental Prosubtracted libraries (Figure 4 ). Northern blotting was also conducted in a subset of NS-(n ϭ 6) or DC-enriched cedures). The average ratio of NS:DC enrichment of these clones by microarray analysis was 3.3-fold, with (n ϭ 2) clones using RNA from C17-2 cells, a pluripotent neural progenitor cell line generated by viral oncogene a range between 1.5 and 7.2. BLAST searches were done using sequence in the FASTA format via the NCBI transformation of cerebellar progenitor cells (Snyder et al., 1992 Table 2 ) and three known NS-enriched genes studied (L3-PSP, cyclin D2, and ERCC-1) were also enriched in clones had either double inserts or gave consistently poor sequence and were eliminated from further analy-C17-2 cells, while the two DC-enriched genes were not highly expressed in C17-2 cells (data not shown). sis. Eight of the double inserts were not eliminated, (Table 2) . Virtually all of the corresponding mRNAs were tle expression outside the neuroepithelium. In the adult, expressed within the VZ or SVZ, and many were relaclones. A1G11 is a known gene involved in cell cycle and DNA repair, the excision repair cross complementtively restricted to these regions during development, as described above, suggesting roles in progenitor proing gene (ERCC-1), while A1A9 shows high homology to the human gene L3 phosphoserine phosphatase liferation and/or differentiation.
The relative distribution within these germinal zones (L-3-PSP; Collet et al., 1997) and thus is likely to be its mouse homolog. Clone A1A9, mL-3-PSP, showed was not homogenous. Several of the genes were highly expressed within the VZ (cells situated immediately adexpression restricted to the mouse telencephalic VZ and SVZ at E13 and was not expressed in the adjacent brain jacent to the ventricles) and showed little expression in the SVZ-a specialized proliferative zone that appears containing nonproliferating cells ( Figure 5D ). At later stages, its expression remained restricted to the VZ, during late embryogenesis. However, this pattern was not observed with all clones. For example, A16F10, a and, accordingly, expression levels decreased, coincident with the diminution in VZ size during development. novel gene with homology to an EST from an embryonic cancer cell line, had relatively high expression levels A1G11 (ERCC-1) and A9H8, which is homologous to the 3Ј untranslated region of human cyclin D2 (data not in the SVZ without significant VZ expression early in development. In the adult, expression is restricted to a shown), were also expressed in the dentate gyrus in the adult. The expression patterns of these known genes narrow band of subependymal cells (Figures 5A and 5G-5J). Neurosphere expression was quite focal as well; suggest important roles in neural progenitor proliferation that should be investigated in future studies. only a subset of neurosphere cells expressed A16F10, consistent with enrichment in a subset of progenitors Another pattern identified in several clones, representing discrete gene clusters, was labeling of a small ( Figures 5L and 5M ). These observations support the hypothesis that progenitors within these two regions of subset of cells at E13, during the time when neurons destined for the deep cortical layers have undergone or the germinal epithelium are genetically distinct.
Several known genes not previously associated with are undergoing their final mitoses. One example of this is A1E2, which corresponds to mIGFBP-3 and was exearly neural precursor proliferation also showed restricted germinal zone expression. A summary of the pressed in a subset of germinal zone cells at E13 (Figures 6A and 6B). As cortical neurogenesis and migration proexpression patterns of the 18 known genes studied by in situ hybridization are listed in Table 3 . Virtually all of ceeded, labeling became more abundant but remained restricted largely to the region of the cortical anlage these genes were expressed within germinal zones and about half demonstrated restricted germinal zone excontaining layer 5 and 6 neurons ( Figure 6B ). In the adult, expression was restricted to a subset of hippocampal, pression, with little labeling outside these regions. Figure 5 shows the expression patterns of two of these thalamic, and deep cortical layer neurons.
In contrast with NS-DC-enriched genes shown, the few DC-enriched genes studied by in situ hybridization labeled regions outside of the VZ. One of these, a gene of unknown function (L9), is shown in Figure 6C to illustrate this contrasting pattern. Highest levels of expression in the adult were observed in a laminar pattern within the cerebral cortex and in several midline subcortical structures but not the basal ganglia. No hybridization was detectable within the proliferative germinal zones. The pattern of expression of this class of genes is not consistent with a role in precursor proliferation but rather a role in specific postmitotic neuronal populations, as one would predict a priori based on its enrichment in DC cultures. Clones occurring only once were considered unique, while those occurring two or more times were considered redundant. Compared (Qiagen), 2.5 mM dNTP mix, 20 l RBgl24 primer (2 mg/ml), and 1 l Taq DNA polymerase (Qiagen). Thermal cycling was performed with only 36% of round three clones sequenced, 72% of round two clones were unique (nonredundant). Thus, round two appeared to (MJ Research) for 72ЊC ϫ 5 min, 18-22 cycles of 95ЊC ϫ 1 min, and 72ЊC ϫ 3 min, followed by 72ЊC ϫ 10 min. Twelve reactions were have the least redundancy and was chosen for large-scale arraying and analysis. performed for each cDNA and pooled to produce adequate material for three rounds of RDA. DNA was purified by phenol/chloroform Clones were gridded at 300 m intervals, using a custom-built microarrayer onto an aminoalkyl silane-coated glass surface by extraction, ethanol precipitated using sodium acetate, and resuspended in a total of 200 l dH 2 O. capillary action. Negative control samples (prokaryotic genes and empty vector) and G3PDH were also gridded onto the array. The Amplicons were compared on a 1.2% TAE agarose gel and digested with excess Dpn II to cleave RBgl adapters. Amplicons are slides with the arrayed DNA fragments were hydrated briefly, snap dried, and UV cross-linked with 400 mJ. Prior to hybridization, the separated from adapters using the Microcon 100 spin concentrator (Millipore) to make driver. The use of Microcon spin columns inslides were denatured in 100ЊC water, rinsed in ethanol, and air dried. creased the yield and was more efficient than gel purification, which is typically used. One microgram was ligated to the JBgl adapters to form the first-round tester (JBgl24, 5Ј-ACCGACGTCGACTATC Microarray Hybridization and Analysis CATGAACA-3Ј; JBgl12, 5Ј-GATCTGTTCATG-3Ј).
Hematopoietic Stem Cell-Enriched Genes
Equal amounts of between 1 to 2 g of cDNA from starting amplicons The RDA was performed for three rounds, as per Hubank and or cDNA from NS and DC were separately labeled with either Cy3 Shatz (1994), with modifications described by Welford et al. (1998), or Cy5 dCTP by random hexamer labeling with Klenow fragment the most important of which is the elimination of the mung bean under standard conditions, except that dCTP was reduced to 50 nuclease digestion step. Additionally, all primers were HPLC puri-M, dCTP-Cy3 (or Cy5) was added to achieve a final concentration fied. JBgl-tester amplicon (40 l; 0.01 mg/ml) was mixed with 40 ul of 60 M, and the reaction was conducted for 12-18 hr. When of driver amplicon (0.5 mg/ml) and phenol/chloroform extracted, amplicons were used, care was taken to use PCR-amplified cDNA ethanol precipitated, rinsed two times in 70% ethanol, and dried products obtained before the plateau phase of PCR, which was completely. Buffer (4 l) containing 3% 1 M EPPS (pH 8.0) (Sigma) typically 14-16 cycles in these experiments. The probes were mixed, and 3 mM EDTA was added to thoroughly resuspend the DNA, and precipitated, resuspended in hybridization buffer, and cohybridized the reaction was overlaid with 40 l of mineral oil. The DNA was for 12-18 hr in a humidified chamber, rinsed, and dried. The slides denatured at 96ЊC for 4 min, 1 l of 5 M NaCl was added, and the were then scanned in a Genetic Microsystems 418 microarray scanmixture incubated for 24-48 hr at 67ЊC. The oil was removed, and ner, with Cy3 and Cy5 signals from hybridization to G3PDH control the hybridization mixture was serially diluted in 5 l of TE, 15 l TE, spots normalized to a ratio of 1. In a typical experiment, ‫%59ف‬ of and 80 l of dH 2 O.
NS-DC library clones generated signals Ͼ2.0-fold above backThe tester-driver hybridization mixture was differentially amplified ground and were considered hits. The images were analyzed using using two successive PCR reactions without the intervening mung ImaGene 3.0 (Biodiscovery, Santa Monica) and IP lab (Scanalytics). bean digestion step (Welford et al., 1998). The PCR reactions were Prior to quantitative analysis, hybridization signals for each probe purified and diluted 1/10 for the second round of PCR. Again, PCR were normalized using average Cy3/Cy5 intensity ratios of G3PDH. reactions were done in duplicate for 16-18 cycles of 95ЊC ϫ 1 min, Hybridizations were done in duplicate and repeated with the fluoro-70ЊC ϫ 3 min, followed by extension at 72ЊC ϫ 10 min. Primary PCR phores reversed. Quantified intensity data was downloaded into (10 l) was added to the secondary PCR reaction (as above) to a Genespring 3.0 (Silicon Genetics), a package containing advanced total volume of 100 l per reaction. Round two was started by tools for data visualization and analysis. To prioritize clones for overdigestion of the PCR 2 products with dpn II to remove the JBgl downstream analysis, the most differentially expressed clones were and permit ligation of new adapters NBgl (NBgl24, 5Ј-AGGCAACTG identified, showing significant differential expression using the fol-TGCTATCCGAGGGAA-3Ј; NBgl12, 5Ј-GATCTTCCCTCG-3Ј). This lowing conservative criteria in at least two of three replicate experiNBgl-adapted cDNA served as round two tester, while the driver ments: (1) percent NS/(DC ϩ NS) signal ratio in the top 20% of remained the same. Steps two and three were repeated using a NS:DC expression ratios and (2) ratio of NS:DC signal Ͼ1.5. Clones higher driver-tester ratio (500:1) and the NBgl24 primer rather than with double inserts identified by sequencing were eliminated from the JBgl24 primer for PCR amplification. Round three hybridization further analysis, except when two or more segments of the same was conducted with a 4000:1 driver to tester ratio, using JBgl primgene were identified in different clones, which occurred for 8 of the ers for amplification. These round two and three ratios are lower 79 gene clusters identified. than typically suggested (Hubank and Shatz, 1994), so as to facilitate the identification of genes within the lower ranges of differential Sequencing and Analysis expression. A detailed RDA and microarray screening protocol is Differentially expressed clones were sequenced using M13F and available by request from the authors (D. H. G.).
M13R primers. To eliminate repeating clones and to avoid resequencing clones present at multiple locations on the array, 43 clones Library Construction identified in the pilot experiment were hybridized onto the array. Libraries were made from each direction of subtraction: neuroContigs were assembled using Seqman II (Lasergene), and unique spheres (NS) minus differentiated cells (DC) and DC minus NS. In gene clusters were identified and redundant sequences eliminated. brief, the RDA subtraction products (post-PCR two) were Dpn
The term "gene cluster" refers to all of the sequences that are II-digested, shotgun cloned into BamH1-digested Bluescript sK II Ϫ , thought to represent a single unique gene analogous to Unigene transformed into Escherichia coli, and plated at medium density on clusters (NCBI). For seven separate gene clusters, clones representagar containing ampicillin at a concentration of 100 mg amp/ml. ing two or more different nonoverlapping segments of the same gene were identified (Table 1) . Protein databases, GenBank, CDS translations, PDB, SwissProt, PIR, and PRF, and the nucleotide Microarray Fabrication sequence databases, GenBank, EMBL, DDBJ, dbEST, and PDB, Pilot experiments were conducted to optimize the number of unique were searched using Blastn and Blastx algorithms. products while maximizing subtraction efficiency. Clones (192 each from round two and round three RDA libraries) were randomly picked and arrayed as described below. (All subsequent array hybridization
In Situ Hybridization Screening in situ hybridization was performed using slides conand image analysis was done as described below.) Fluorescently labeled cDNA from the NS and DC amplicons were cohybridized taining multiple samples derived from CD-1 mice. Expression patterns were determined by analysis of autoradiograms in most cases, onto the array to identify differentially expressed clones. Approxi- 
